INTRODUCTION
Lead zirconate titanate (PZT) is currently the only ferroelectric (FE) material used as the storage element for commercially available nonvolatile random access memories (NVRAMs) [l]. The total-dose ionizing radiation response of thin-film PZT has been studied by many groups [2-61 and it has generally been found to be radiation hard to extremely large doses (up to 100 Mrad(Si)). The figure of merit used to evaluate the radiation response in these studies was typically the remanent polarization as measured by a hysteresis loop in a Sawyer-Tower type circuit [7] , although one group reported results using a series of voltage pulses to the switchable polarization [3] .
When a FE film is used as a memory element in a NVRAM, the retained polarization, not the remanent polarization, becomes the key parameter. The retained polarization measurement is essentially identical to a single writelread cycle of a given NV memory bit and can be used to determine the size of the memory window (the difference between a stored "1" and a stored "0") that would be available to a memory sense amp. As is discussed in more detail in the next section, the retained polarization measurement and the hysteresis loop differ because of significant "nonretained" polarization contribution in the continuous hysteresis loop measurement. Since the retained polarization is more representative of how PZT responds in a NVRAM, we examine the effect of ionizing radiation on the retained polarization. This allows us to evaluate the memory window degradation as a function of total dose and to evaluate the expected performance of a PZT-based NVRAM in an ionizing radiation environment.
MATERIALS
Ferroelectric materials have the unique property of maintaining an electrical polarization without applied bias. The orientation of the polarization can be set by the application of an external electric field and can be electrically sensed, destructively, by applying a field across the capacitor and noting the size of the resulting current pulse through it. If the orientation was already in the same direction as the applied electric field, there will be a relatively small resulting current pulse; if the orientation was opposite, there will be a relatively large current pulse.
One can arbitrarily assign one polarization orientation as denoting a memory state "1" and the opposite orientation as denoting a "0" thus enabling a capacitor of an FE material to become a simple memory storage cell.
The polarization orientation is generally sensed by connecting one lead of the FE capacitor to a larger linear (non-ferroelectric) capacitor, which acts as a current integrator such that the current pulse from the ferroelectric capacitor appears as a voltage on the sense capacitor. This arrangement connected to a signal generator is known as a Sawyer-Tower circuit [7] .
In this work, we examine the response of the electrical properties of ferroelectric PZT that are of interest for non-volatile memory applications. The test structures we used are simple capacitors with platinum (Pt) top and bottom electrodes. The capacitor dielectric layer is 2400 of sol-gel deposited PZT (40160). The FE sol-gel was prepared by Symetrix Corporation and the films * This work partially supported by the Defense Nuclear Agency.
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were deposited (on 4 in. Si wafers) and annealed at the Army Research Laboratory at 650°C for 30 min. Each capacitor had a continuous bottom electrode and a top electrode area of 1.84010-~ cm2, defined by shadow masking. The PZT layer was continuous, except at one corner of each die where the film was etched to reveal the bottom (Pt) electrode. The parts were packaged before testing in 16 pin ceramic DIP packages without lids. We irradiated two packages separately, each with multiple FE capacitors, using 1 O-keV x-rays generated by an ARACOR 4100 x-ray tester at a dose rate of 17 krad(Si02)/min.
TEST METHODS
There are two different types of electrical tests typically used to measure the polarization of an FE capacitor. The most commonly used is the hysteresis loop test, in which a continuous sinusoidal voltage is applied across the FE capacitor in a Sawyer-Tower circuit (see Figure  1 ). When the resulting voltage across the sense capacitor is viewed as a function of the applied sinusoidal voltage, an electrical hysteresis loop results that is analogous to the magnetic hysteresis loops generated by ferromagnetic materials. The magnitude of the switched polarization is read at zero applied field and is usually denoted 2*Pr and is called either remanent polarization or hysteresis loop polarization. This is the reported value for all of the hysteresis loop tests in this work. A sinusoidal voltage of k 4 V (8 Vpp) varying at a rate of 10 kHz was applied and a sense capacitor of 47 nF was used.
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, polarization available to distinguish between states in a memory application (which must retain data for more than 1 millisecond).
Therefore, we developed a second type of test, the memory pulse test, to more accurately reflect the memory storage capability of a ferroelectric capacitor. This test uses discrete, short voltage pulses to both polarize the material and to sense the orientation of the polarization. This approach therefore simulates the conditions a storage capacitor would see in a highspeed memory application. Because discrete pulses are used, the time between the initial polarization orientation (a bit is written) and when it is sensed (a bit is read) can be varied over a range from nanoseconds to years, thus allowing the volatile and non-volatile component of the polarization to be analyzed as a function of writelread delay time.
This type of test has several parameters that can be varied to monitor their effects on the FE polarization, including the time between the write pulse and the read pulse, the amplitude of the applied voltage pulses, and the width of the pulses (both read and write). Since the goal is to evaluate the films as they would perform in a high-speed memory, we set the duration of the pulses as low as possible, within the constraints of the RC time constant of the test circuit (including the relatively large area FE capacitor). In this work, all of the writehead pulse lengths are 1 ps and the rise times are 100 ns. (This is the fastest rise time we were able to use without inducing significant ringing in the test circuit.) Capacitor areas in a 1 -Mbit FE memory are projected to be 1 0-7 to cm2 compared to 1.84010-~ om2 for these devices. The amplitude of the applied voltages is set at 4 V for most tests to approximate the cell voltage available in a memory device with a 5-V supply voltage, although in one test of this type, the applied voltage is varied from 1 to 8 V to evaluate the voltage characteristic. The time between writing and reading is set at 1 s for all measurements, to allow sufficient time for the volatile component of the polarization to decay, except during the retention characteristic measurement where the writelread delay times are varied from 1 ps to 100 s, to measure the volatile component of the polarization and the subsequent retention behavior. pulse is arbitrary, but it must be consistent for all reads). Next, we apply another positive voltage pulse across the circuit to write the "0" state and again, after the same time delay as before, another positive voltage pulse is applied to read the "0" state. Again, the voltage waveform on the sense capacitor is recorded. Figure 2 shows the voltage waveform occurring on the sense capacitor during the two read pulses. The upper curve, measured during the first read pulse, is larger than the other because the orientation of the polarization existing before the read pulse was opposite the orientation that was imposed by the read pulse. The difference between the voltages for the two cases (write negativehead positive and write positivehead positive) represents the difference in the charge stored in the FE and is reported as a polarization. We call this quantity the retained polarization, or AP, because it represents the polarization between the two memory states at a given time.
During irradiation, the capacitors top electrodes were shorted to the bottom electrodes. All samples were positively biased (by a read pulse) before each irradiation.
RES U LTS
Previous results showed little change in the hysteresis loop polarization with extremely high levels of total dose [2] . The results of the present work are consistent with those earlier results. Figure 3 shows the hysteresis loops measured for dose levels up to 1.7 Mrad(Si02) (significantly less than the 100 Mrad(Si) reported by Benedetto et al [2] ). As can be seen from the figure, there is only slight degradation of the remanent polarization as a function of total dose, and there is no significant distortion of the loops. However, memory pulse test results for the same device show significantly more radiation damage. Figure 4 shows both the the retained polarization from the pulse test for each total dose. The data in figure 4 show the remanent polarization from the hysteresis loop decreasing from about 62 pC/cm2 to about 54 pC/cm2 (about a 13 percent degradation), while the retained polarization measured by the pulse test fell from just under 50 p C/cm2 to about 25 pC/cm21 a full 50 percent drop in retained polarization in "only" 1.7 Mrad(Si0,). These data represent the average of the results from 6 capacitors.
To understand how these two measurements could yield such different results, it is important to recall that the hysteresis loop test measures a combination of the volatile and non-volatile components of the FE polarization, while the pulse measurement, at a l -s retention time, only measures the non-volatile component. The differing responses by these two measurements then could occur two ways: (1) the ratio of volatile polarization to non-volatile polarization could have increased as a function of total dose, thereby allowing the hysteresis loop to continue to measure a relatively large signal, or (2) the hysteresis loop measurement itself could have caused a significant amount of annealing during the continuous sine wave measurement. (Note that the retained polarization measurement always preceded the hysteresis loop measurement).
The possibility of annealing due to cycling has been indicated in the results of earlier works [2, 3] , but the hysteresis loop measurement in this work involved far fewer cycles than were used to intentionally anneal the samples in earlier works. During each hysteresis loop measurement the voltage on the sample was cycled for approximately 5 s at 10 kHz, for a total of 50,000 cycles at each dose. In earlier works approximately 107cycles were applied before significant annealing was seen, but again hysteresis loops were being used to measure the polarization in these earlier works. It may be useful to think of two kinds of radiation damage (not necessarily two different mechanisms). The first kind is not removed by the hysteresis loop measurement (short term cycling) or by pulse testing (but can be removed by long term cycling, as seen in earlier works). The second kind is removed by hysteresis loop measurements but not by pulse testing.
Since hysteresis loop measurements will not be used in a realistic non-volatile memory, the second kind of damage is not going to be removed in actual use. Therefore, it is important, when testing samples, not to neglect this damage by removing it with the test technique.
That is, some of the non-volatile polarization may have become volatile polarization due to total dose ionizing radiation.
To examine the possibility that the ratio of volatile to non-volatile polarization has changed, we used a pulse retention test with time delays from 1 ps to 100 s at each dose. This technique does not allow us to measure all of the volatile polarization directly; some of the switched polarization most likely decayed in less than 1 p. (If one assumes that the hysteresis loop measurement correctly reports the sum of the volatile and non-volatile polarization, then the magnitude of the volatile component can be found by subtracting the nonvolatile component (from the pulse test) from the hysteresis loop polarization. We do not do this in this paper; here, we refer to the polarization that decays from 1 p to 1 s as the volatile component.) The results, shown in Figure 5 . show a typical retention characteristic in which a significant amount of polarization (the volatile component) decays away (prerad). At about 1 ms, the decay seems to be completed and the polarization stabilizes into a regime where it decays slowly and linearly in log time. Typically, the retention value at 1 s is used as a figure of merit for representing the long-term polarization storage of the material (non-volatile component). Before irradiation, this sample had an initial polarization at 1 ps of 49 p C/cm2, which decays to 36 pC/cm2 at 1 s. This is a loss of 13 pC/cm2 or 26 percent of the initial value. After irradiating to 1.7 Mrad(Si02), the sample had an initial polarization of 34 pC/cm2, which decays to 19 pC/cm2 at 1 s. This is a loss of 15 pC/cm2 or 44 percent of the initial value. While the total magnitude of the decay increased very slightly, the change in the ratio of the volatile to non-volatile components was due primarily to the decrease in the non-volatile component. Since the total of the two components of polarization (volatile and non-volatile polarization as measured in the remanent polarization from the hysteresis loop) decreased Only slightly (the 3y0 above)-One would expect that the amount of volatile polarization has increased at the expense of non-volatile polarization. To examine the second possibility, that the hysteresis loop measurement is annealing the damage done by the radiation, we performed another test sequence in which, at each dose level, a single 1-s pulse retention test was made, followed by a hysteresis loop measurement (the standard test sequence), and finally, a second 1-s pulse retention test. If the hysteresis loop measurement was removing the additional damage that showed up in the initial pulse test, the result of the second pulse test should follow the hysteresis loop curve exactly. If the hysteresis loop is removing none of the damage, the second pulse test should retrace the first pulse test. Figure 6 shows the results of this test, with each curve normalized to its initial value for a more direct comparison. The application of a hysteresis loop measurement before the pulse measurement significantly reduced the radiation damage; however, for the two highest dose levels, we still observed a significant amount of degradation. It remains to be seen whether additional cycling would anneal the remaining polarization decay. The data in Figure 6 represent the average results from 6 capacitors; the same capacitors were used in We took an additional measurement of the pulse voltage characteristic to look for a shift in the coercive field due to total dose ionizing radiation. Figure 7 shows the result from a representative sample. In this measurement, the retained polarization is measured at 1 s for a range of voltages, from 1 to 8 V, for each total dose. The results indicate that at all doses, the material begins significant switching between 1.5 and 2 V. No change in the coercive field due to irradiation is indicated, but as expected, the retained polarization measured at each voltage decreases with dose. This implies that there is no net charge distribution across the film because (1) either the electrons or holes or both are equally distributed throughout the FE, or (2) the trapped electrons exactly balance out the trapped holes. Since neither Figure 3 or Figure 7 indicate and change in the materials coercive field, we assume no new permanent internal fields are being generated by this trapped charge. Therefore, the first case seems most reasonable. One possible explanation for this unexpectedly large degradation of the retained polarization may be the existence of internal "depoling fields" that are created
CONCLUSIONS REFERENCES
This paper examines the results of ionizing radiation on the retained polarization of PZT FE thin-films. We have presented data showing that ferroelectric materials are more sensitive to total-dose radiation damage than previously believed. We have shown that the nonvolatile component of the polarization decreased by 50 percent at only 1.7 Mrad(Si02). The non-volatile component is the polarization that is used for nonvolatile memory applications.
For these samples, hysteresis loop measurements underestimate the radiation sensitivity of FE films, because the hysteresis loop measurement may cause a significant part of the radiation damage to be annealed. By varying the writelread delay times, the pulse measurements allow a separation of the volatile and non-volatile polarization components for a better understanding of the radiation response of PZT. Although these results indicate that FE PZT may not be as radiation resistant as previously believed, the hardness of an unhardened FE NVRAM will undoubtedly still be determined by the hardness of the underlying circuitry.
